The critical issue for soldering on electroless Ni-Au surface finishes is fragile solder joints. Previous studies have indicated that these weak joints are a result of the formation of a P-rich layer at the joint interface. In this study, the new flux, which contains a Cu compound, demonstrates improved solder joint strength for solder ball attachment on electroless Ni-Au surface finishes. Cross-sectional analysis revealed that this new flux gives a thinner P-rich layer at the joint interface than that seen with a conventional flux. Moreover, the formation of a uniformly thin Cu-Sn intermetallic layer on the Ni-P plated surface is observed after reflow soldering. We conclude that this Cu-Sn layer formation during reflow impedes extra diffusion of Ni into solder from the plating surface so that the growth of a P-rich layer can be effectively inhibited and, thus, the joint strength is improved.
Introduction
High-density packaging has become an important driver behind the emergence of new small portable electronic products that depend on the use of small and light components. Chip Size Packages (CSPs) with higher I/O density have thus been widely adopted in cellular phones and portable PCs in preference to Quad Flat Packages (QFPs). One of the concerns when assembling such small packages is oxidation of the pad surface, which often results in joint failure. Therefore, to ensure less oxidation, substrates for CSPs commonly use an electroless Ni-P plating surface finish.
However, some previous studies report that soldering on electroless Ni-P plating surface finish tends to give fragile solder joints. [1] [2] [3] [4] [5] [6] Weak joints are a result of the formation of a P-rich layer due to excessive diffusion of Ni into the solder at the joint interface. This problem becomes more serious in small products due to their microscopic soldered joints. Several studies on solder composition and plating technology have been performed, but have not yet provided a conclusive solution to this problem. [5] [6] [7] [8] [9] [10] The present study addresses this issue from the properties of the flux used for soldering. The newly developed flux in this study, Barrier Flux, includes a copper compound, copper(II) stearate, to control the interfacial reaction during soldering. This paper reports on (1) solder joint strength, (2) observations of the solder joint interfacial microstructure and (3) the mechanism of improvement in solder joint strength when using Barrier Flux.
Experimental Conditions
Two solder ball compositions chosen in this study were Sn-4.0Ag-0.5Cu and Sn-37Pb (mass%), and had a diameter of 600 mm, as shown in Table 1 . The fluxes studied include (1) baseline flux containing no copper compounds, and (2) Barrier Flux containing copper(II) stearate. Copper(II) stearate tends to deposit copper at below 200 C. Table 2 gives a description of each flux.
The substrates used had 250 area-arrayed pad openings 0.5 mm in diameter. The pads had an approximately 5 mmthick electroless Ni-P layer containing 6-8 mass% P. The top of the Ni-P layer was also covered with about 0.05 mm-thick Au plating.
The procedure for making the test vehicle was to screenprint flux at 100 mm thickness, followed by solder ball placement and reflow in a N 2 atmosphere. We used two different temperature profiles: the peak temperature for Sn-4.0Ag-0.5Cu was 250 C while that for Sn-37Pb was 210 C. In the course of an actual package manufacturing process, the packages are subjected to multiple heating processes. Therefore, after one reflow, we repeated reflow of the test vehicles up to 3 times under the same profile conditions for each composition. Consequently, the test vehicles were retained for about 300 s above the melting temperature. Both shear and heat ball pull (HBP) strength of the solder joint were evaluated using a Dage bond tester (Dage Series 4000P). Shear tests were performed at a shear speed of 200 mm/s and a shear height of 5 mm. The pull speed was 300 mm/s for each The test vehicles were molded in epoxy resin for grinding and polishing. An SEM equipped with energy-dispersive Xray (EDX) was utilized to examine the cross-sectional structure of the interface. The microstructures of the joint interface were also revealed by using an etchant of 10% HCl and 90% methanol. This etchant removes the solder and leaves the interfacial intermetallic compounds, allowing them to be characterized by SEM and EDX. Figure 1 shows the results for shear strength of each flux. Regardless of whether the solder ball composition was Sn-4.0Ag-0.5Cu or Sn-37Pb, there appeared to be no significant difference in the shear strength between baseline flux and Barrier Flux. Investigation of the failure mode for this test revealed that in all cases the failure occurred inside the solder. This shows that the measured shear strength is a function of the bulk property of the solder; hence the results show similar strength for each solder composition.
Results and Discussion

Solder joint strength
The pull strength data and its failure mode are summarized in Fig. 2 . Compared to baseline flux, Barrier Flux showed an approximately 12% increase in the mean pull strength for both solder compositions. It is also noteworthy that Barrier Flux gave a higher minimum pull strength, especially in the case of Sn-4.0Ag-0.5Cu. These results indicate that the addition of the Cu compound to the flux effectively prevents strength degradation and results in a narrower variation in strength.
Results for the failure mode are also marked, as shown in Fig. 3 . Here we classified the failure modes in accordance with the definition in Fig. 4 . Regardless of solder composition, the major failure was bond failure for baseline flux, whereas Barrier Flux predominantly showed pad failure. This difference indicates that the presence of the Cu compound contributes in some way to the formation of a stronger joint interface. In the case of the combination of baseline flux and Sn-4.0Ag-0.5Cu, cross-sectional observation of the bond failure sample revealed that fatigue cracks were initiated and propagated in the intermetallic layer at the joint interface and at the intermetallic/P-rich interface, as shown in Fig. 5 . The formation of a P-rich layer clearly has a significant impact on the joint strength. Some previous studies have also reported that the generation of voids in the P-rich layer results in fragile solder joints. [4] [5] [6] 3.2 Interfacial microstructure Figure 6 shows cross-sectional SEM images of four joint interfaces. A qualitative analysis shows that the dark or blackish bands in each joint interface correspond to the P-rich layer. This P-rich layer is generally assumed to be composed of Ni 3 P or Ni 3 P þ Ni. According to EDX analysis, in the case of an Sn-4.0Ag-0.5Cu ball joint using Barrier Flux, the P-rich layer contained 88 at% Ni and 12 at% P, suggesting that this P-rich layer is more likely to be Ni 3 P þ Ni than Ni 3 P. For each combination of flux and solder ball, the mean thickness of the P-rich layer was calculated using the measured thicknesses at five different locations in the P-rich layer. As shown in Table 3 , Barrier Flux gave a thinner P-rich layer than the baseline flux. It is presumed that the reduction in P-rich layer thickness contributes to both the prevention of low joint strength and the low frequency in joint failure mode.
In the case of Sn-4.0Ag-0.5Cu solder ball joints, the comparison of intermetallic microstructure was made by SEM analysis. Prior to the SEM observations, the test vehicles were treated with an etchant of 10% HCl and 90% methanol to remove the solder, finally leaving the interfacial intermetallic compounds. As shown in Fig. 7 , baseline flux produced numerous granular intermetallics about 1 mm in diameter. On the other hand, in the case of Barrier Flux, we found that needle-shaped intermetallics about 0.2 mm in width had formed. This shows that the addition of Cu compounds to flux led to the formation of fine interfacial intermetallics that impeded the diffusion of Ni into the solder.
Our qualitative analyses of the interfacial intermetallic compounds are summarized in Table 4 . We found that there was no significant differences in the interfacial intermetallic composition between fluxes for Sn-4.0Ag-0.5Cu solder ball joints; however, in the case of Sn-37Pb ball joints, each flux yielded different intermetallic compounds. In contrast to soldering by baseline flux, where the formation of the Ni-Sn intermetallic compound was observed at the joint interface, Barrier Flux yielded interfacial Sn-Cu-Ni compounds rich in Cu but with relatively small amounts of Ni. The presence of Cu at the joint interface prevented excessive diffusion of Ni into the solder, consequently making the P-rich layer thinner.
Formation of the Cu layer at the joint interface
When soldering with Barrier Flux, regardless of solder ball composition, Sn-4.0Ag-0.5Cu or Sn-37Pb, the interfacial intermetallic compounds contained Cu. To gain a better understanding of this phenomenon, we conducted the following verification experiment. Barrier Flux was screenprinted on a test substrate with electroless Ni-P plating pads. The test substrate was then subjected to reflow without solder ball placement in a N 2 atmosphere. After one reflow, the flux residue was washed away with organic solvent, followed by Auger electron spectroscopy (AES) analysis of the Ni-P pad surface obtained. The presence of Cu on the pad surface was observed as shown in Fig. 8 . It is assumed that this Cu is derived from the Cu compound in Barrier Flux. The dependence of Cu deposition on temperature was also evaluated. After supplying Barrier Flux to the test substrates using a 100 mm-thick metal mask, the test coupons were heated on a hotplate maintained at 135, 165, 200 and 200 C for 60 s, respectively. The amount of deposited Cu per pad was determined by EDX analysis. Figure 9 plots the atomic % of deposited Cu at each temperature. These results showed that Cu starts to be deposited somewhere between 135 and 165 C, with deposition finally saturating at around 200 C. This indicates that the formation of the Cu layer (or the Cu-related reaction layer) on the pad surface is induced prior to solder ball melting. Although the Ni-P surface finish is covered with 0.05-mm thick Au plating, the presence of Au after heating is less certain due to its trace amount. In the case of reflow Barrier Flux without solder balls on the Ni-P plating, the hypothetical behavior of both Au and Cu is as follows. Once the Cu compound is activated during reflow, Au which was originally present as a solid phase starts to substitute with (or melt into) Cu derived from the Cu compound, after which the Cu is deposited on the pad surface, where it is immediately involved in the formation of intermetallics at the joint interface.
Conclusions
To address the joint strength degradation problem in SnAg-Cu soldering on electroless Ni-P plating, we focused on the functionality of the flux, and as a result were able to develop a novel flux, Barrier Flux, which deposits Cu on the pad surface by means of substitution during reflow. The results obtained in this study are summarized as follows.
(1) The use of Barrier Flux containing a Cu compound which generates Cu at temperatures of 200 C or lower is effective in preventing joint strength degradation in the Sn-4.0Ag-0.5Cu and Sn-37Pb soldering systems. (2) For both Sn-4.0Ag-0.5Cu and Sn-37Pb soldering, the thickness of the P-rich layer formed at the joint interface was decreased by the addition of a Cu compound to the flux. 
